In order to improve the ductility of carbide free bainitic microstructures, consisting of a bainitic ferrite matrix and a mixture of austenite and martensite, the TRIP effect i.e. the strain induced transformation of retained austenite to martensite, should be controlled. In this sense, the effect of the chemical composition on the mechanical stability of the retained austenite and the morphology, size, and distribution of this phase has been studied to determine the role that plays on the ductility behaviour of advanced bainitic steels. Results suggest that apart of the retained austenite, the morphology of the bainitic matrix is an important factor controlling ductility. Bainitic microstructures formed by coiling with coarse and blocky bainite morphology have shown higher uniform deformation values than those obtained by air cooling with the typical thin bainite platelets.
Introduction
Application of UHS (ultra high strength) sheet steels has expanded over the last years for further reduction in the weight of various mobile vehicles. However, UHS sheet steels cannot be applied easily to a wide variety of car components because their formability is relatively poor. In UHS steel sheet, if total elongation is increased the properties governed by local elongation such as stretch flangeability and bendability are deteriorated. 1) For securing good total elongation, it is beneficial that the microstructure contains ferrite, which is excellent in ductility, and a second hard phase such as bainite and/or martensite.
2) The presence of retained austenite in the microstructure will enhance even further the total elongation by TRIP effect.
3) By contrast, for a good hole expansibility and bending behaviour, the microstructure should be rather homogeneous, for otherwise, local strain concentration occurs at the soft phase near the hard phase and as a consequence, stretch flangeability and bendability are deteriorated. 1) An optimum combination of both characteristics is expected to be achieved with a carbide free bainitic microstructure consisting of a bainitic ferrite matrix and a mixture of austenite and some martensite. The poor stretch flangeability of TRIP assisted steels may be essentially overcome by replacing the ferrite matrix with bainitic ferrite matrix since bainitic steels generally possesses excellent stretch flangeability due to uniform fine lath structure. 4) On the other hand, the heterogeneities of hardness due to the presence of martensite, in this advanced bainitic microstructure, will allow to reach a good deep drawability. 5) Regarding bendability, it has been also shown that it is not related to ductility, and heterogeneity in the microstructure should be as low as possible. 1) This novel bainitic microstructure has achieved the highest strength and toughness combinations to date for bainitic steels in as-rolled conditions. By alloying designing and with the help of phase transformation theory, it was possible to improve simultaneously the strength and toughness because of the ultra-fine grain size of the bainitic ferrite plates (less than 1 mm). Ultimate tensile strengths ranging from 1 600 to 1 800 MPa were achieved while keeping a total elongation higher than 10 %. 6) Their toughness at room temperature matches tempered martensitic steels, known to be the best-in-class regarding this property. 6) It is believed that tensile elongation in these steels is mainly controlled by the amount of retained austenite.
7) The retained austenite is a ductile phase compared to bainitic ferrite and would be expected to enhance ductility as far as austenite is homogeneously distributed between plate boundaries (film austenite). However, isolated pools of austenite (blocky austenite) would influence unfavourably on both elongation and strength presumably, because of the strain localization in these areas. 8) Therefore, every effort has to be made to reduce the fraction of blocky austenite present in the microstructure and increase its thermal and mechanical stability to martensitic transformation.
Further improvement can be achieved by TRIP effect i.e. strain induced transformation of retained austenite to martensite. In order to take full advantage of this effect, the mechanical stability of austenite, i.e. its capability to transform to martensite under strain, must be controlled. In this sense, the role of retained austenite on the mechanical properties of ultra high strength bainitic steels has been analysed in this work. The effect of the retained austenite chemical composition, morphology, size, and distribution on its mechanical stability of this phase has been studied. Moreover, the influence of the amount and size of martensite, and the morphology of bainitic ferrite matrix on the ductility behaviour of advanced bainitic sheet steels has been also examined.
Materials and Experimental Procedure
Chemical composition of these novel bainitic steels was designed to have the same bainitic transformation region in the TTT diagram and the same T o curve 6) as those of Ni 2 bainitic steel designed in previous work 9) and taken here as reference ( Table 1 ). The reference steel proved to have impressive mechanical properties when fully transformed to bainite. 10) Designed alloys were manufactured by ARCELOR RESEARCH (France) as 180ϫ80ϫ12 mm 3 plates. Their actual composition is shown in Table 1 . All laboratory heats were elaborated in a 60 kg vacuum induction furnace under inert atmosphere (Ar, N 2 ). The generator power was 80 kW. Pure (Ͼ99.9 %) electrolytic iron and addition of the alloying elements one after each other were used. Carbon deoxidation was performed and an analysis of C, S, N, O was made on line during elaboration for the final adjustment of composition. During elaboration, the temperature was controlled by a thermocouple.
Hot rolling simulations were performed on ARCELOR pilot plant according to the general scheme presented on Fig. 1 . The desired bainitic microstructure was obtained in all the steels performing air cooling after accelerating cooling, and in CENIM 6 and 7 performing coiling after accelerating cooling. Specimens, transverse to the hot rolling direction, were ground and polished using standardised techniques for metallographic examination. A 2 % Nital etching solution was used to reveal bainitic microstructure by optical microscopy. Scanning electron microscopy observation was carried out on a Jeol JSM-6500F field emission gun scanning electron microscope operating at 7 kV.
Quantitative X-ray diffraction analysis was used to determine the fraction of retained austenite and its carbon content. For this purpose, 11ϫ5ϫ2 mm 3 samples were machined. After grinding and final polishing using 1 mm diamond paste, the samples were lightly etched to obtain an undeformed surface. They were then step-scanned in a SIEMENS D 5000 X-ray diffractometer using unfiltered Cu K a radiation. The scanning speed (2q) was less than 0.3 degree/min. The machine was operated at 40 kV and 30 mA. The volume fraction of retained austenite was calculated from the integrated intensities of (200), (220) and (311) austenite peaks, and those of (002), (112) and (022) planes of ferrite. Moreover, retained austenite composition was calculated making use of the relationship between lattice parameter and chemical composition as reported in Ref. 11 ) and assuming that during transformation only carbon diffuses. Thus, the concentration ratios of all elements but carbon should be equal in the bulk material as in the retained austenite.
Specimens for transmission electron microscopy (TEM) were machined down to 3 mm diameter rod. The rods were sliced into 400 mm thick discs and subsequently ground down to foils of 50 mm thickness on wet 1200 grit silicon carbide paper. These foils were finally electropolished at room temperature until perforation occurred, using a twinjet electropolisher set at a voltage of 40 V. The electrolyte consisted of 5 % perchloric acid, 15 % glycerol and 80 % methanol. The foils were examined in a JEOL JEM 2010 transmission electron microscope at an operating voltage of 200 kV.
Tensile specimens with a section of 3 mm diameter and a gauge length of 19 mm were tested at room temperature using a Microtest EM2/100/FR testing machine fitted with a 100 kN load cell. A deformation rate of 6ϫ10 Ϫ4 s Ϫ1 was used in all the experiments. From the engineering stressstrain curves yield strength (YS 0.2 ), ultimate tensile strength (UTS) and uniform elongation were obtained. The uniform (e u ) and fracture (e f ) strain were obtained and derived from the true stress-strain curves. Strain hardening was characterized by the incremental strain-hardening exponent n i ϭd(ln s)/d(ln e p ) obtained from the true stress-true plastic strain curve. Fig. 2 reveal that all the steels after air FRT stands for finishing rolling temperature; and FCT stands for finishing cooling temperature.
Results and Discussion

Micrographs in
cooling indistinctly of the test temperature have the desired microstructure consisting of carbide free bainite, similar to that of the reference steel Ni2. 9, 10) The smaller amount of bainite obtained in CENIM 7 (around 60 %) after air-cooling caused much of the blocky residual austenite to transform to martensite during cooling because of the low carbon-enrichment. By contrast, it was not possible to totally avoid proeutectoid ferrite formation in CENIM 1, 2, 3, 4 and 5 after coiling (see Figs. 3(a)-3(e) ). The tested coiling temperatures (550 and 500°C) were probably too high and the cooling rate achieved was too slow to avoid diffusional transformations during coiling in these steels. However, a mainly bainitic microstructure was obtained in the steels CENIM 6 and 7 after coiling at 500 and 350°C, respectively (see Figs. 3(f) and 3(g)). Extensive transmission electron microscopy examination confirmed the absence of carbides and the presence of retained austenite mainly with a thin film morphology in these bainitic steels (see example in Fig. 4) . Quantitative experimental data on this advanced bainitic microstructure are presented in Table 2 . The amount of residual austenite just after bainite formation is given by (1-V B ) . The fraction of this quantity, which dėcomposes to martensite during subsequent cooling to ambient temperature, is related to the carbon content in austenite determined by X-ray diffraction. It follows that the stability of the residual austenite to martensitic transformation is higher for higher carbon content. In this sense, certain inconsistency could have been detected for the carbon content of retained austenite in CENIM 7 samples after coiling and air cooling from 500°C. It seems that carbon concentration in austenite in CENIM 7-coiled sample is slightly lower than that determined for CENIM 7-air cooled sample, meanwhile thermal stability of austenite seems to be higher in the coiled sample. This must be a consequence of the fact that the isolated films of austenite between the bainite plates can accumulate a significant amount of carbon, even beyond T o curve. 12) Moreover, we should bear in mind that X-ray analysis carbon content estimation is an average of a larger volume that may contain any carbon enriched regions such as dislocations and phase interfaces, characteristic features of this type of microstructure. 13) In discussing the morphology of the austenite remaining after partial transformation to bainite, it is necessary to distinguish between the blocky morphology of austenite located between the sheaves of bainite and the films of austenite which are retained between the subunits within a given sheaf of bainite. Film and blocky austenite fractions in Table 2 were deduced from the total fraction of retained austenite determined by X-ray analysis following Bhadeshia and Edmonds equations. 8) The tensile properties are reported in Table 3 together with those for the reference material. The values presented are average for 3 tests. Plates of bainitic ferrite are typically 10 mm in length and about 0.2 mm in thickness 6, 9, 10) giving a rather small mean free path for dislocation glide. Thus, the main microstructural contribution to the strength of bainite is from the extremely fine grain size of bainitic ferrite.
It is difficult to separate the effect of retained austenite on strength in these steels from other factors. Qualitatively, austenite can affect the strength in several ways; residual austenite can transform to martensite during cooling to room temperature, thus increasing the strength (see the result for the steel CENIM 7 after air cooling in Table 3 ). On the other hand, retained austenite interlath films can increase the strength by transforming to martensite during testing, similar to the behaviour of TRIP steels. Tensile elongation, a priori is controlled by the volume fraction of retained austenite, which is a ductile phase compared to the bainitic ferrite and it would be expected to enhance ductility as far as the austenite is homogeneously distributed in the microstructure. Results in Table 3 clearly show that the steels exhibit a combination of high strength and good ductility. Figure 5 shows two different examples of the variation of the incremental strain hardening exponent n as a function of true plastic strain observed in these microstructures. The straight line corresponds to the instability criterion e p ϭn. It is clear that bainitic microstructure obtained by coiling shows very different work hardening behaviour from that obtained by air cooling. The air cooling material ( Fig. 5(a) ) shows the highest strain hardening capacity in the first stage of the curve. However, as true strain increases the strain hardening of the air cooling material quickly decreases while that of the coiling material (Fig. 5(b) ) decreases more slowly up to the fulfilment of the instability criterion. Moreover, the strain hardening capacity near instability of the coiling material is higher than that of the air cooling material. This difference in strain hardening evolution can be attributed to the difference in which retained austenite transforms to martensite upon deformation.
The change in the austenite fraction during a tensile test can be estimated following Sherif et al. model 14) as shown in Fig. 6 . This model automatically takes into account both the chemical and mechanical stability of the austenite. Points in this graph define in each case the uniform strain. Results suggest that the tensile samples begin the localization of strain i.e. necking when the retained austenite content is reduced to 10 %. Results are in accordance with Xray analysis that revealed a retained austenite content of 9 % out of the necked region in a fractured tensile sample of CENIM 6-CT 500°C. Bhadeshia 15) attributed this behaviour to the geometrical isolation of austenite. It seems that the formation of strain-induced martensite, vital to reach acceptable ductility properties, can only be tolerated if the austenite maintains a uniform and percolated structure through the material. This is supported by results in Fig. 7 , where it is clear that air cooled specimens with an initial retained austenite content lower than 10 % (threshold marked in the graph) exhibited much poorer ductility i.e. lower plastic uniform strain than those coiled with a higher austenite volume fraction in the microstructure. However, there are air cooled samples that showed low uniform elongation with an amount of retained austenite in the microstructure higher than the threshold and similar to that in the reference steel.
Beside the amount of retained austenite, morphology is an important factor to be considered on the mechanical stability of austenite. Comparing the volume fraction of films and blocky austenite listed in Table 2 , for air cooled and coiled samples, with results in Fig. 7 , it can be deduced that morphology is not here a strong factor for the control of retained austenite mechanical stability. Contrary to the traditional belief, blocky austenite, only present in the microstructure of coiled samples, does not seem to influence unfavourably on their ductility. Likewise, a higher fraction of thin films does not lead to higher total elongations in air cooled samples. In terms of its mechanical stability, thin films of retained austenite can be too stable 16, 17) to transform by TRIP effect, in part because of their high carbon concentration 18) and also because of the constraint to trans- formation exerted by the surrounding plates of ferrite. However, apart of the amount of retained austenite and its morphology, the chemical composition is an important factor controlling the mechanical stability of this phase. In alloys containing austenite of low mechanical stability, the strain-induced transformation occurs in early stages of deformation. As a result, there is little benefit of the strain hardening related to deterring plastic instability or necking in the later stages of deformation. If the austenite becomes mechanically more stable and transforms at higher strains, hence the associated strain hardening effectively increases resistance to necking and fracture. However if that austenite is too stable, the presence of large amounts of austenite at necking (instability criterion) does not guarantee effective TRIP effect. So, the strain induced transformation will enhance ductility if retained austenite is moderately stable against straining.
It is well established that the strain induced transformation of austenite to martensite takes place between the M S temperature (martensite start temperature), and the M d temperature, above which the austenite becomes completely stable. Therefore, there is a temperature between M S and M d at which the strain induced transformation is suppressed moderately and the resultant strain hardenability is held in a large strain range, leading to maximum benefit of the TRIP effect. Both temperatures, M S and M d , give an indication of the thermal and mechanical stability, respectively, of the retained austenite and depend on the retained austenite chemical composition calculated making use of X-ray analysis. M S was calculated by means of a neural network model 19) and M d temperature was calculated using the following equation, 14) ln
where V 0 g and V g represent the initial austenite fraction and the remaining fraction, after transformation induced plasticity, respectively. Therefore M d corresponds to the temperature, T, at which V 0 g ϭV g ; k 1 is a constant, e is the plastic strain and DG aЈg (T) represents the chemical free energy change for the transformation of austenite to ferrite of the same composition determined using MTDATA with the NPL-plus data base for steels. Figure 8 shows the M S and M d temperatures of the retained austenite present in the different bainitic microstructures. Extremely low calculated M S values (below Ϫ200°C) in Fig. 8(a) confirm the high extent of carbon enrichment in austenite after bainite formation since the applicable chemistry range of the neural network model (1.62wt% C) seems to be exceed. 19) Since tensile tests were performed at room temperature, in principle, M S temperatures below 20°C are desired in order to increase the thermal stability of the retained austenite in the microstructure. Likewise, it is important to highlight what a high or low value of M d temperature implies in terms of mechanical stability and the efficiency enhancing ductility. A high M d temperature in Fig. 8(b) corresponds to bainitic microstructures with low stable austenite that rapidly transform to martensite at very small strains, therefore reducing the beneficial effect of strain induced transformation on ductility. By contrast, very low M d temperatures indicate the presence of mechanically too stable retained austenite in the microstructure, as a result transformation may take place too late, i.e. close or during necking. In this sense, intermediated M d values as those presented in Fig. 8(b) between the two horizontal straight lines are desired to get maximum efficiency enhancing ductility by TRIP effect. However, based on the chemical composition of the retained austenite and their corresponding values of M S and M d temperatures presented in Fig. 8 , it is not possible to explain the improved ductility behaviour of coiled bainitic samples in comparison to those air cooled samples that also exhibit intermediated M d temperatures (see values between horizontal straight lines in Fig. 8(b) ) and contain moderately stable retained austenite.
20)
Therefore, results from Figs. 6-8 suggest that apart of the retained austenite, there must be additional microstructural factors controlling ductility of carbide free bainitic microstructures. Retained austenite is not the only phase embedded in the bainitic ferrite matrix. Some isolated very fine grains of martensite are also present in the microstructure. In principle, the presence of a very hard phase, such as martensite, in a bainitic microstructure, would be undesired because they could be detrimental to toughness. However, the tendency of the martensite to crack in a microstructure composes of austenite and martensite depends on its absolute size. Chatterjee and Bhadeshia 21) demonstrated that in these mixed microstructures, it is more difficult to crack fine martensite. Thus, martensite islands, with a smaller size than the distance between cracks on single martensite plates determined to be 10 mm, do not readily crack causing brittle behaviour. Scanning electron micrographs in Figs. 3(f) and 3(g) illustrate the extraordinary small size of the martensite grains present in these novel bainitic microstructures. Moreover, results on the martensite content, V M , listed in Table 2 suggest that the absence of martensite in the microstructure does not explain the ductility behaviour of coiled bainitic samples. Alloys such as CENIM 3 after air cooling from 500 and 550°C present a bainitic microstructure almost free of martensite, as CENIM 6 and CENIM 7 after coiling, however very poor uniform elongation values (3.8 and 4.5 %, respectively) were reached. This seems to suggest that the morphology of the bainitic matrix must be also an important factor controlling ductility. Differences on the morphology of bainitic ferrite plates between the microstructure of CENIM 6 after cooling from 500°C and after coiling from the same temperature are clear in the electron micrographs shown in Fig. 9 . Air cooled sample shows thin, long and slender well defined plates (see Figs. 9(a) and 9(b)) typical of high strength high toughness bainitic steels, 9, 10) meanwhile the nature of bainite following the slow coiling treatment (20°C/h) seems to be coarser (see Figs. 9(c) and 9(d)), leading to lower strength values (Table 3) . Moreover, coiled bainitic microstructures exhibit a different distribution of retained austenite in the bainitic ferrite matrix. Blocky retained austenite, usually described as triangular shaped grains bounded by crystallographic variants of bainite sheaves, 8) looks here like very thick films of austenite between the coarse subunits within a given sheaf of bainite (see Fig.  9(d) ). Differences on the actual cooling rates reached in both cooling schedules, and thus on the bainite transformation temperatures, would explain the differences on the morphology of bainite detected on air cooled and coiled samples.
Conclusions
The role of microstructural parameters, such as the amount, morphology and composition of retained austenite, amount and size of martensite and morphology of bainitic ferrite matrix, on the ductility behaviour of advanced bainitic steel sheets has been examined. Results suggest that the morphology of the bainitic matrix is an important factor controlling ductility. Bainitic microstructures formed by coiling with coarse and blocky bainite morphology have shown higher uniform elongation values than those obtained by air cooling with the typical bainite morphology consisting on thin and long parallel bainite plates.
